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Long-lived antibody memory is mediated by the combined effects of long-lived plasma cells (PCs] 
and memory B cells generated in response to T cell-dependent antigens (Ags). IL-IO and IL-21 can 
activate multiple signaling pathways, including STAT1 , STAT3, and STAT5; ERK; PI3K/Akt, and 
potently promote human B cell differentiation. We previously showed that loss-of-function muta- 
tions in STAT3, but not STAT1, abrogate IL-IO- and IL-21 -mediated differentiation of human naive 
B cells into plasmablasts. We report here that, in contrast to naive B cells, STAT3-deficient memory 
B cells responded to these STAT3-activating cytokines, differentiating into plasmablasts and secret- 
ing high levels of IgM, IgG, and IgA, as well as Ag-specific IgG. This was associated with the induc- 
tion of the molecular machinery necessary for PC formation. Mutations in IL21R, however, abolished 
IL-21 -induced responses of both naive and memory human B cells and compromised memory B cell 
formation in vivo. These findings reveal a key role for IL-21 R/STAT3 signaling in regulating human 
B cell function. Furthermore, our results indicate that the threshold of STAT3 activation required for 
differentiation is lower in memory compared with naive B cells, thereby identifying an intrinsic 
difference in the mechanism underlying differen 
tiation of naive versus memory B cells. 
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Long-lived immunological memory is mediated by the com- 
bined effects of long-lived plasma cells (PCs) and memory 
B cells generated in response to T-dependent antigens (Ags) 
and underlies the success of most currently available vaccines 
(Ahmed and Gray, 1996; Rajewsky, 1996; Tangye and 
Tarlinton, 2009; Goodnow et al., 2010). PCs reside in survival 
niches in bone marrow and secondary lymphoid tissues and 
constantly produce high titers of neutralizing antibodies 
(Abs; Tangye and Tarlinton, 2009; Tangye, 2011). In contrast, 
memory B cells recirculate throughout peripheral blood, 
secondary lymphoid tissues, and bone marrow. Upon reexposure 
to Ag, they can proliferate and differentiate into Ab-secreting 
plasmablasts more rapidly than naive cells, thereby replen- 
ishing the PC pool and simultaneously expanding the memory 
cell population (Ahmed and Gray, 1996; Rajewsky, 1996; 
Tangye and Tarlinton, 2009). 

Analysis of gene-targeted mice and humans with mono- 
genic primary immunodeficiencies has identified some of the 
molecular requirements for memory B cell generation. Thus, 
mutations in B cell— intrinsic genes (CD19/CD81, CD40, 
IKBKG, DOCKS, and IL2RG) or genes expressed by CD4 + 
T helper cells (CD40LG, ICOS, and SH2D1A [SAP]) all re- 
sult in reductions in the frequencies of memory B cells and 
associated deficiencies in total serum Ig levels or Ag-specific 
Ab (Tangye and Tarlinton, 2009; Recher et al., 2011;Jabara 
et al., 2012; Tangye et al., 2012). We also have some under- 
standing of the mechanisms that enable memory B cells to 
respond more rapidly and vigorously than naive cells to cog- 
nate Ag. First, memory B cells are recruited into division sig- 
nificantly earlier and undergo more rounds of division than 
naive cells (Bernasconi et al., 2002; Tangye et al., 2003a,b; 
Macallan et al., 2005). Second, memory B cells have higher 
expression of cell surface receptors, TLRs (TLR7/9/10), 
CD21, CD27, andTACI, that could enable them to respond 
more efficiently to co-stimulatory signals (Tangye et al., 1998; 
Bernasconi et al, 2002, 2003; Darce et al, 2007; Good et al, 
2009). Third, memory B cells express heightened levels of 
CD80 and CD86 (Liu et al, 1995;Tangye et al, 1998;Ellyard 
et al., 2004; Good et al., 2009), which facilitate soliciting help 
from T helper cells. Fourth, memory B cells express lower 
levels of genes that restrict the entry of naive B cells into 
division, limiting their activation (Good and Tangye, 2007; 
Horikawa et al., 2007). Lastly, distinct signaling pathways 
downstream of the B cell receptor expressed by naive (i.e., 
IgM) or memory (IgG) cells have been identified that prefer- 
entially promote responsiveness of memory cells (Martin and 
Goodnow, 2002; Engels et al., 2009; Davey and Pierce, 2012). 
However, the requirements for cytokine-mediated regulation 
of naive and memory B cells remain to be determined. 

Human B cell differentiation is regulated by the actions of 
numerous cytokines, with IL-10 and IL-21, produced by 
T follicular helper cells (Tfh cells), being key factors in pro- 
moting proliferation, isotype switching, PC differentiation, 
and secretion of most Ig isotypes by not only naive B cells, 
but also memory B cells, including both IgM + and isotype- 
switched subsets (Banchereau et al., 1994; Arpin et al., 1997; 



Pene et al, 2004; Ettinger et al, 2005; Bryant et al, 2007; 
Avery et al., 2008a,b). Although the functions of IL-10 and 
IL-21 on human B cells are similar, the effects of IL-21 
exceed those of IL-10 by 10-100-fold (Bryant et al, 2007). 
The importance of IL-21 to immune regulation has been 
validated by the recent identification of IL-21 R— deficient 
humans, who exhibit infectious susceptibility to several 
pathogens (Kotlarz et al., 2013). The predominance of IL-21 
in regulating human B cell function over IL-10 is also indi- 
cated by the fact that IL21R mutations result in poor Ab re- 
sponses after vaccination (Kotlarz et al., 2013), whereas 
specific Abs are produced at normal levels in individuals with 
mutations m IL10/IL10R (Kotlarz et al, 2012). IL-10 and 
IL-21 activate STAT1, STAT3, STAT5, as well as MAPK/ 
ERK and PI3K/Akt pathways (Asao et al, 2001; Zeng et al, 
2007; Avery et al, 2008b, 2010; Diehl et al, 2008). Autosomal- 
dominant hyper-IgE syndrome (AD-HIES) is caused by 
heterozygous mutations in STAT3 (Holland et al., 2007; 
Minegishi et al., 2007; Casanova et al., 2012). These muta- 
tions operate in a dominant-negative manner, effectively reduc- 
ing the level of functional STAT3 by 75%. Loss-of-function 
mutations in STAT1 also underlie several immunodeficiency 
states, such as those characterized by selective susceptibility to 
infection with environmental mycobacteria and, depending 
on the nature of the mutation (i.e., dominant/recessive), some 
viruses (Boisson-Dupuis et al., 2012; Casanova et al., 2012). 
By examining these patients, we previously found that func- 
tional STAT3 deficiency not only severely compromised the 
generation of memory (i.e., CD27 + ) B cells in vivo, but pre- 
vented IL-10- and IL-21-mediated induction of PRDM1 
(Blimp-1 [B lymphocyte induced maturation protein-1]) and 
XBP1 (X-box binding protein 1) in naive B cells and their sub- 
sequent differentiation to the PC lineage in vitro. However, 
STAT3 mutant (STAT3 MUX ) naive B cells could still acquire 
expression of AICDA {activation-induced cytidine deaminase) 
and undergo IL-21— induced isotype switching in vitro. In 
contrast, STAT1 was dispensable for human B cell differenti- 
ation in vivo and in vitro (Avery et al., 2010). 

These findings led us to investigate further the role of 
STATs in governing human B cell differentiation. We have 
now discovered that the small number of memory B cells 
generated in STAT3-deficient patients are unaffected by these 
mutations; thus, they are capable of differentiating into Ab- 
secreting cells in response to STAT3-actvating cytokines as 
efficiently as normal memory cells. These findings demon- 
strate that the threshold of STAT3 activation required for 
B cell differentiation is significantly lower in memory compared 
with naive cells. Consequently, limiting amounts of functional 
STAT3 are sufficient to mediate memory, but not naive, B cell 
differentiation, thereby revealing an intrinsic difference in the 
requirements for activating naive versus memory B cells. The 
memory B cell deficiency in AD-HIES patients likely contrib- 
utes to impaired Ag-specific Ab responses characteristic of these 
individuals. Thus, by targeting the residual population of STAT3- 
deficient memory B cells to respond to IL-2 1 , it may be possible 
to improve humoral immunity in AD-HIES. 



2740 



Differential function of STAT3 in human B cells | Deenick et al. 



Article 



Table 1. Characteristics of CD27 and CD27+ B cells in STAT3-deficient individuals 



Pa rameter 


CD27 


B cells 


CD27 + 


b cells 


Normal 


STAT3 MUT 


Normal 


STAT3 MUT 


<J/o Cells 


75.2 ± 2.7 


94.9 ± 0.77 


24.8 ± 2.7 


5.1 ± 0.77 


% lgM+ 


87.0 ± 2.2 


90.0 ± 2.0 


47 ± 3.8 


48 ± 3.1 


°/o lgD+ 


88.0 ± 1.9 


93.0 ± 1.8 


41 ± 2.2 


45 ± 2.0 


% lgG + 


3.2 ± 0.45 


1.6 ± 0.6 a 


25 ± 2.1 


32 ± 2.8 a 


°/o lgG1 + (°/o total Ig6 + cells) 


2.3 ± 1.0 (62.1) 


0.63 ± 0.24 (40.1) 


11 ± 1.7 (51.4) 


22 ± 2.8 (72.7) b 


o/o lgG2 + (°/o total Ig6 + cells) 


0.72 ± 0.14 (19.4) 


0.54 ± 0.1 (34.4) 


6.7 ± 2.1 (31.3) 


3.9 ± 0.9 (12.9) 


o/olgG3+ (°/o total Ig6 + cells) 


0.62 ± 0.15 (16.7) 


0.36 ±0.12 (22.9) 


3.6 ± 0.9 (16.8) 


4.1 ± 1.1 (13.5) 


% lgG4+ (°/o total lgG+ cells) 


0.065 ± 0.02 (1.8) 


0.04 ± 0.014 (2.5) 


0.11 ± 0.04 (0.5) 


0.27 ± 0.08 (0.9) 


% lgA + 


1.2 ± 0.2 


0.64 ± 0.1 5 a 


17 ± 1.2 


8.6 ± 1.1 c 


°/o CD23 + 


62.0 ± 3.9 


86.0 ± 3.7 C 


18 ± 3.9 


46 ± 4.7 C 



Values represent percentage (or absolute number for CD4+CXCR5* T cells) of cells expressing the indicated surface molecule; each value represents the mean ± SEM; normal 

donors: n = 8-24; STAT3 patients: n = 9-27. P-values were determined by Student's ttest, comparing normal with STAT3 MUT B cells. 

3 P < 0.05. 

b P<0.01. 

C P< 0.001. 



RESULTS 

STAT3 MUT CD27 + B cells phenotypically resemble 
normal memory B cells 

The population of circulating CD27 + memory B cells is signif- 
icantly reduced in STAT3-deficient patients (n = 27) com- 
pared with normal donors (Table 1; Avery et al., 2010). In 
contrast, the frequency of memory B cells in STAT 1 -deficient 
individuals is comparable with normal donors (i.e., 24.4 + 
6.1%; n = 9). Although it is generally accepted that CD27 is 
expressed on human memory B cells (Tangye and Tarlinton, 
2009), recent studies have suggested that Bl cells (Griffin et al., 
2011) and some bone marrow progenitor B cells (Nilsson 
et al, 2005) are also CD27 + . Conversely, a small proportion of 
memory B cells lack CD27 (Tangye and Tarlinton, 2009). 
Thus, it was important to establish the nature of the residual 
population of CD27 + B cells in STAT3 MUX patients. 

The size and granularity of CD27" and CD27 + B cells 
were determined by flow cytometry. This demonstrated that 
CD27 + B cells from both normal donors and STAT3 MUX 
patients were significantly larger and more granular than cor- 
responding CD27~ B cells. However, these morphological 
features were not significantly different between cells from 
normal donors and STAT3 MUX patients (Fig. 1, A— C). 

We next examined a series of surface receptors that are 
differentially expressed by human naive and memory B cells 
(Liu et al, 1995; Tangye et al, 1998; Ellyard et al, 2004; 
Good et al, 2009). CD24, CD80, CD95, and TACI were 
significantly higher on CD27 + B cells from normal donors 
than on corresponding CD27~ B cells (Fig. 1, A and C). 
CD86 also tended to be higher on normal CD27 + versus 
CD27~ B cells (Fig. 1, A and C). The same pattern was seen 
for samples from STAT3 MUX patients, with CD80, CD86, 
CD95, and TACI being significantly higher on CD27 + than 
on CD27~ B cells (Fig. 1, B and C). In contrast to these 
molecules, CD23 is present on normal naive B cells but is 



significantly down-regulated on normal memory B cells (Fig. 1 , 
A and C; and Table 1). Interestingly, CD23 expression was 
dysregulated on STAT3 MUX B cells inasmuch as its level ex- 
ceeded that on normal naive B cells by >10-fold, whereas it 
was detected on a substantial proportion of STAT3 MUX mem- 
ory B cells (Fig. 1, B and C; and Table 1). 

We also determined expression of Ig isotypes by CD27 - 
and CD27 + B cells from normal and STAT3-deficient indi- 
viduals. Approximately ~90% of CD27~ B cells and ~40- 
50% of CD27 + B cells from normal and STAT3-deficient 
individuals expressed IgM and IgD, with the remaining 
memory B cells expressing predominandy IgG or IgA (Table 1). 
Although the proportion of STAT3 MUX CD27 + B cells that 
expressed IgG was greater than that observed for normal 
CD27 + B cells (Table 1), the distribution of IgG subclasses 
within the CD27~ and CD27 + B cell subsets was compara- 
ble, with IgGl being preferentially expressed by both CD27~ 
and CD27 + normal and STAT3 MUX B cells (Table 1). Fur- 
thermore, we did not detect an enrichment of Bl cells, 
based on cells with a CD20 + CD43 + CD27 + phenotype, in 
STAT3 MUX individuals compared with healthy donors (not 
depicted). Collectively, these findings confirm there is a sig- 
nificant contraction of the memory B cell compartment in 
AD-HIES and provide evidence that the small population of 
CD27 + B cells in STAT3 MUX individuals are indeed memory 
B cells (Table 1). 

IL-21 activates STAT1, STAT3, and STAT5 
In naive and memory B cells 

IL-21 has been reported to activate multiple signaling path- 
ways in different cell types (Asao et al., 2001; Zeng et al., 
2007; Diehl et al., 2008). To determine whether different 
subsets of human B cells used similar signaling pathways 
downstream of the IL-21 receptor, we examined phosphory- 
lation of STAT proteins in normal naive, IgM memory, and 



JEM Vol. 210, No. 12 



2741 



JEM 



CD24 



CD80 



CD86 



CD95 




c 






60 


MFI 


^,50 




O 


E 




eoi 


2-40 


CD 






30 



FSC 



SSC 



CD23 



CD24 



CD80 



CD86 



CD95 



□□ Q 20- 

■ESP 

15 





— — 50 


80 




3 


40 


60 


□ 


■ ° n_o 


30 


J?_ □ 40 




=y! ° afe 2 


20 






A ■ W 1 


■ 10 


20 




— , . . . — 0 


• V* 

1 — , , — 0 


°,° ^0 





N M N M N M N M N M 
3 MUT Normal STAT3 MUT I 



N M N M N M 
3 MUT Normal STAT3 MUT 





— — 15 
□ 

10 






— 
□ 

□ 




° T 5 




0 

T 


□ 


N M 


— . . — 0 

N M 


N 


M N 


M 



TACI 



N M N M N M N M 

3 MUT Normal STAT3 MUT 



Figure 1. Morphology and phenotype of CD27+ B cells in STAT3 MUT individuals resemble normal memory B cells. (A-C) PBMCs from normal 
donors and patients with AD-HIES caused by mutations in STAT3 were stained with mAbs specific for CD20, CD27, and CD23, CD24, CD80, CD86, CD95, or 
TACI. The forward scatter (FSC) and 90° light/side scatter (SSC) and surface expression of the indicated molecules on CD27~ (naive) and CD27+ (memory) 
B cells were determined. The histograms in A and B are from a representative normal donor and patient, respectively, whereas the graphs in C depict the 
geometric mean fluorescence intensity (MFI) of each of the indicated cellular features for CD27~ naive (N) and CD27+ memory (M) B cells from 3-12 
normal donors and STAT3 MUT patients. Each value represents an individual donor or patient; the horizontal lines correspond to the mean. Because of the 
large difference in the level of expression of CD23 on normal versus STAT3 MUT naive and memory B cells, individual graphs are depicted for normal and 
patient B cell subsets. *, P < 0.05; **, P < 0.01 ; ***, P < 0.001. 



isotype-switched memory B cells in response to IL-21. Phos- 
phorylation of STAT1, STAT3, and STAT5 was greater in 
naive B cells than in memory B cells; however, STAT1 and 
STAT3 were both clearly activated by IL-21 in both IgM- 
expressing and Ig-switched memory B cell subsets (Fig. 2, 
A and B). In contrast to these STATs, IL-21 had minimal, if 
any, effect on phosphorylation of STAT4 or STAT6 (Fig. 2 A). 
Although IL-21 has been reported to activate ERK and AKT 
(Zeng et al., 2007), we observed no ERK or AKT phosphor- 
ylation in response to IL-21 in naive or memory B cells 
(Fig. 2, C and D). These results demonstrate that IL-21R sig- 
naling activates similar pathways in human naive and memory 
B cells, predominantly STAT1, STAT3, and STAT5. 

Mutations in STAT3 impair the response of naive, but not 
memory, B cells to the stimulatory effects of IL-10 and IL-21 

STAT3 is required for some, but not all, aspects of naive B cell 
differentiation. For instance, isotype switching was intact in 
STAT3 MUX B cells, as indicated by the detection of circulating 
IgG + and IgA + B cells in AD-HIES patients ex vivo (Table 1) 
and the ability of their naive B cells to up-regulate AICDA and 
switch to IgG in response to IL-21 in vitro (Avery et al., 2010). 
Consistent with intact AICDA expression in STAT3 MUX naive 
B cells in vitro, somatic hypermutation was comparable in nor- 
mal and STAT3 MUX memory B cells (Avery et al., 2010). 
These observations lead us to question whether there were also 



differences between naive and memory B cells in their require- 
ment for STAT3 function to respond to cytokines such as 
IL-10 and IL-21, which are well known for their abilities to 
induce human B cell differentiation (Banchereau et al., 1994; 
Arpin et al, 1997; Pene et al, 2004; Ettinger et al, 2005; 
Bryant et al, 2007; Avery et al, 2008a,b). 

Naive and memory B cells isolated from normal donors 
or STAT3 MUX or STAT1 MUX patients were cultured with 
CD40L alone or together with IL-21, and Ig secretion was 
determined after 10—12 d. Because of the limited numbers of 
memory cells recovered from STAT3 MUX patients, we could 
only culture ^5,000 sorted B cells/well. Under these condi- 
tions, IL-21 potendy promoted secretion of IgM and induced 
production of IgG and IgA by normal and STAT1 MUX naive 
B cells (Fig. 3 A and Table 2). IL-21 substantially increased 
production of IgM, IgG, and IgA by CD40L-stimulated 
memory B cells from normal donors and STAT 1 -deficient 
individuals; however, the response of STAT1 MUX memory 
B cells was significantly less (approximately fourfold) than 
that of normal memory cells (Fig. 3 B and Table 2). Ig secre- 
tion by STAT3 MUX naive B cells in response to IL-21 was 
^30-fold less than normal naive cells (Fig. 3 A and Table 2; 
P < 0.001). In distinct contrast, Ig secretion by IL-21— stimu- 
lated STAT3 MUX memory B cells (either total memory cells 
[Fig. 3 B and Table 2] or IgM + and switched subsets [not de- 
picted]) was largely comparable with normal memory B cells, 
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Figure 2. IL-21 induces activation of STAT1, STAT3, and STAT5 in human naive and memory B cells. Human naive, IgM memory and isotype- 
switched memory, or total memory, B cells were sort-purified from normal donor spleens. (A) These B cell subsets were cultured for ~18 h with anti-lg, 
rested, and then cultured in the absence (red histograms) or presence (blue histograms) of IL-21 for 30 min. Phosphorylation of STAT1 , STAT3, STAT4, 
STAT5, and STAT6 was determined by intracellular staining. Histograms on the left show representative staining in naive and memory B cells. Right panels 
plot increase in mean fluorescence intensity of pSTATs in naive, IgM memory, and isotype-switched memory B cells cultured with IL-21 ; response of un- 
stimulated cells were normalized to a value of 1.0. These values represent the mean + SEM of two independent experiments using B cells from different 
donor spleens. Identical results were obtained when the B cell subsets were prestimulated with CD40L/anti-lg. (B-D) Human B cell subsets were cultured 
for ^18 h with anti-lg, rested, and then left unstimulated or stimulated with IL-21 or anti-lg for 15-30 min. Cells lysates were prepared and subjected to 
SDS-PAGE and Western blotting to detect phosphorylated or total STAT3 (B), phosphorylated or total ERK (C), or phosphorylated AKT or 14.3.3 as a load- 
ing control (D). B-D are representative of three to four similar experiments. 



with the only significant difference (less than twofold) being 
noted for the levels of IgM secreted by normal versus STAT- 
3 MUT memory B cells (Table 2). Furthermore, both IgM 
memory (i.e., IgM + CD27 + ) and switched (IgM/D"CD27 + ) 
memory cells from STAT3-deficient patients could respond 
to the stimulatory effects of IL-10 (not depicted). 

The inability of STAT3 MUT naive B cells to respond to 
IL-21 did not reflect a general impairment in differentiation 
because these cells produced IgM after stimulation with 
CD40L plus CpG (Fig. 3 C) and up-regulated expression of 
AICDA (Fig. 3 E) and Ig e germline transcripts, a precursor 
to producing mature IgE (Geha et al., 2003), in response to 
CD40L/IL-4 (Fig. 3 F) as efficiently as normal naive B cells. 
Consistent with the intact response of STAT3 MUX memory 



B cells to CD40L together with IL-10 or IL-21 (Fig. 3 B, 
Table 2, and not depicted), these cells also exhibited normal 
responses to stimulation with CD40L/CpG (Fig. 3 D) or 
CD40L/IL-4 (Fig. 3, E and F). Because many facets of lym- 
phocyte differentiation are linked to cell division (Hodgkin 
et al, 1996; Deenick et al., 1999; Tangye et al., 2003a,b; 
Avery et al., 2005, 2008a), we also assessed the proliferative 
potential of STAT3 MUT naive and memory B cells. IL-21 en- 
hanced proliferation of both normal and STAT3 MUT naive 
B cells over that induced by CD40L alone, yet the response of 
STAT3 MUX naive B cells was approximately threefold less than 
that of normal B cells (Fig. 3 G). Consistent with the differen- 
tial dependency on STAT3 function for IL-21— induced Ig se- 
cretion by naive versus memory B cells, STAT3 MUX memory 
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Figure 3. STAT3-deficient memory B cells differentiate into Ab- 
secreting cells in response to IL-21. (A-D) Naive (CD20 + CD1CTCD27-|gG-) 
and memory (CD20 + CD10~CD27 + ) B cells were sort-purified from normal 
donors (A and B, n = 16; C and D, n = 7), STAT3 MUT patients (A and B, 
n = 8; C and D, n = 7), or STAT1 MUT patients [n = 6), and then cultured with 
CD40L alone or together with IL-21 (A and B) or CpG (C and D). The levels 
of secreted IgM, IgG, and IgA were determined by ELISA after 10-12 d. The 
columns represent the mean ± SEM of experiments performed using naive 
B cells from 7-16 normal donors, 7-8 STAT3 MUT patients, or 6 STAT1 MUT 
patients. (E and F) Naive and memory B cells were sort-purified from nor- 
mal donors or STAT3 MUT patients and then cultured with CD40L alone or 
together with IL-4. Expression of AICDA (E) and Ig e germline transcript 
(GLT; F) was determined by qPCR and PCR, respectively. The graphs in E 
represent the mean ± SEM of three experiments using B cells from different 
donors or patients. The gel depicted in F is representative of experiments 



B cells proliferated to a similar extent as normal memory 
B cells in response to IL-21 (Fig. 3 H). Not surprisingly, 
CD40L/CpG induced comparable proliferation in STAT3- 
sufHcient and -deficient naive and memory B cells (Fig. 3, 
G and H). Thus, impaired proliferation of naive STAT3 MUX 
B cells to IL-21 correlates with poor differentiation of these 
cells to plasmablasts under these culture conditions. How- 
ever, naive STAT3 MUX B cells do undergo some proliferation 
to IL-21 (Fig. 3 G; Avery et al., 2010), indicating that the 
block in differentiation is not simply caused by STAT3 mu- 
tations abrogating cell division. 

The memory cell pool in STAT3-deficient individuals 
contains Ag-specific B cells 

Although the total levels of Ig produced by STAT3 MUX mem- 
ory B cells in response to STAT3 cytokines were normal, it 
was unknown whether these B cells could contribute to an 
Ag-specific Ab response. To address this, we quantified the 
relative amounts of antitetanus IgG produced by B cells from 
normal donors or STAT3 MUX or STAT1 MUX patients after 
in vitro culture with CD40L/IL-21. As expected, the levels of 
antitetanus IgG produced by normal naive B cells were very 
low/undetectable, whereas memory cells from most normal 
donors produced significantly higher amounts of tetanus- 
specific IgG (Fig. 3 I). Importandy STAT3 MUX memory B cells 
from all patients tested produced significantly higher amounts 
of tetanus-specific IgG than normal naive B cells (Fig. 3 I) . 
Memory B cells from some STAT1 MUX patients exhibited a 
lower response than others, but in general this exceeded that of 
normal naive B cells and, on average, approximated that of 
normal and STAT3 MUX memory B cells (Fig. 3 I). We also 
assessed production of antitetanus IgG in cultures of total 
PBMCs from normal donors and STAT3 MUX individuals that 
had been stimulated with CD40L and IL-21. On average, 
normal PBMCs produced approximately threefold higher lev- 
els of antitetanus IgG than did STAT3 MUX PBMCs (Fig. 3 J). 
However, there are several caveats to screening PBMCs, rather 
than purified B cells, for the production of Ag-specific Ab. 



performed using B cells from two to three different donors or patients. 
(G and H) Naive and memory B cells were sort-purified from a single 
normal donor or STAT3 MUT patient and then cultured with CD40L alone or 
together with IL-21 or CpG. Proliferation was assessed after 5 d by deter- 
mining incorporation of [ 3 H]thymidine during the last 18 h of culture. 
The graphs are the mean ± SEM of replicate cultures of naive or memory 
B cells from one normal donor or one STAT3 MUT patient. The annotated 
values indicate the fold increase in proliferation of normal or STAT3 MUT 
naive or memory B cells cultured with CD40L/IL-21 or CD40L/CpG over 
that induced by CD40L alone. (I and J) Normal naive (N) or normal, STAT3 MUT , 
or STAT1 MUT memory (M) B cells {n = 6; I) or total PBMCs from normal 
donors or STAT3 MUT patients (n = 4; J) were cultured with CD40L and IL-21 
for 10-12 d. The levels of antitetanus IgG in culture supernatants were 
determined by ELISA using immobilized tetanus toxoid as solid phase Ag. 
Each symbol represents the response of B cells from an individual control 
or patient; the horizontal bars represent means, ns, no significant; 
*, P < 0.05;**, P<0.01. 
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Table 2. Ig secretion by IL-21 -stimulated normal, STAT3 MUT , and STAT1 MUT naive and memory B cells 



Cell type and Ig secretion 

culture 







IgM 






IgG 






IgA 




Normal 


STAT3 MUT 


STAT1 MUT 


Normal 


STAT3 MUT 


STAT1 MUT 


Normal 


STAT3 MUT 


STAT1 MUT 




ng/ml 


ng/ml 


ng/ml 


ng/ml 


ng/ml 


ng/ml 


ng/ml 


ng/ml 


ng/ml 


Naive B cells 




















CD40L 


2.0 ± 1.0 


5.0 ± 2.4 a 


<0. 1 a 


<1 


<1 a 


<1 a 


<1 


<1 a 


<1 a 


+IL-21 


14,640 ± 


444 ± 177 d 


10,801 ± 


267 ± 80 


7.3 ± 2.7 b 


86 ± 40 a 


365 ± 106 


4.6 ± 2.6 b 


174±40 a 




2,021 




3,183 a 














Memory B cells 




















CD40L 


166 ± 51 


100 ± 25 a 


2.5 ± 2.5 a 


6.1 ± 1.4 


11.8±4.7 a 


0.2 ± 0.1 4 a 


21.3 ± 6.1 


26.2 ± 10.6 a 


<1 a 


+IL-21 


29,389 ± 


15,214 ± 


7,396 ± 3,097 d 


4,202 ± 


5,651 ± 


953 ± 195 a 


25,208 ± 


13,330 ± 


4,265 ± 989 c 




4,107 


1,905 b 




1,122 


1,743 a 




4,134 


4,027 a 





Naive and memory B cells were sort-purified from normal healthy donors (n = 17), STAT3 MUT patients (n = 8), or STAT1 MUT patients (n = 6) and then cultured with CD40L alone 
or together with IL-21. The levels of secreted IgM, IgG, and IgA were determined by ELISA after 10-12 d. The values represent the mean + SEM from the indicated number of 
donors/patients and correspond to the data depicted in Fig. 3 (A and B). Statistical analyses were performed using one-way AN0VA; differences are indicated for normal 
donors compared with STAT3 MUT or STAT1 MUT B cells. 
s Not significant. 
b P<0.01. 
C P< 0.001. 
d P< 0.0001. 



First, there is substantial variability in the frequencies of B cells 
within the population of all PBMCs, as well as in the proportion 
of B cells that are memory cells. Indeed, there is a strong cor- 
relation between the frequency of memory B cells and produc- 
tion of antitetanus IgG in vitro (not depicted). Second, the 
addition of CD40L to cultures of PBMCs will activate myeloid 
cells (monocytes, macrophages, and DCs) to secrete molecules 
such as BAFF and APRIL (Litinskiy et al., 2002; Craxton 
et al., 2003), which can preferentially promote differentiation 
and Ig secretion by human memory B cells presumably in a 
STAT3-independent manner (Avery et al., 2003). Even taking 
these into account, it is clear that STAT3-deficient individuals 
are capable of generating Ag-specific Ab responses and that 
these Ag-specific cells reside within the residual subset of 
CD27 + B cells. This further substantiates that these cells are 
indeed memory B cells and are likely to contribute to Ag- 
specific Ab responses in vivo. 

STAT1 deficiency does not affect the early differentiation 
of memory B cells into Ig-secreting plasmablasts 

The accumulated levels of Ig secreted by STAT1 MUX mem- 
ory B cells were 2.5— 5-fold less than those by normal mem- 
ory cells (Fig. 3 B and Table 2). To determine whether this 
reflected a quantitative defect in generating Ab-secreting cells 
from STAT1 MUX memory B cells, we performed kinetic 
analyses of plasmablast formation and Ig secretion by normal 
and STAT1 MUT naive and memory B cells that had been 
stimulated with CD40L alone or together with IL-21 . CD40L 
alone resulted in <0.5% of normal and STAT1 MUX naive B cells 
and ^1— 3% of memory B cells acquiring a CD38 hi CD27 hi 
phenotype, which corresponds to plasmablasts (Fig. 4, A, B, 
D, and E; Avery et al, 2005). Addition of IL-21 had minimal 



effect on naive B cell differentiation, in terms of the fre- 
quency of plasmablasts and Ig secretion, after 4 d of culture 
(Fig. 4, A— C); however, a substantial proportion of memory 
B cells had differentiated to become Ig-secreting plasmablasts 
at this time (Fig. 4, D— F). The rate of plasmablast formation 
from naive and memory B cells increased after 5.5 d and 
tended to plateau or decline at later times (7 d; Fig. 4, B and E). 
Co-incident with this was a dramatic increase in Ig secretion 
by both naive and memory B cells between 4 and 5.5 d of 
in vitro culture (Fig. 4, C and F). The rate of f ormation of 
plasmablasts and Ig secretion by IL-21— stimulated naive and 
memory B cells was not affected by STAT1 mutations (Fig. 4). 
Collectively, these results suggested that STAT1 MUX memory 
B cells could initially generate normal numbers of functional 
plasmablasts. However, in contrast to this normal rate of dif- 
ferentiation of STAT1 MUX memory B cells between days 4 
and 7 of culture (Fig. 4, D— F), Ig secretion by these cells after 
11 d of culture was consistendy less than that by normal 
memory B cells (Fig. 3 B and Table 2). Thus, STAT1 may 
play a role in sustaining Ig secretion by differentiated memory 
B cells. 

Commitment of memory B cells to the PC lineage 
is unaffected by mutations in STAT1 or STAT3 

The differentiation of human and mouse B cells into PCs is 
regulated by the coordinated actions of several transcription 
factors. PAX5 is down-regulated in activated B cells, thereby 
relieving PAX5-mediated repression of Blimp-1, resulting in 
Blimp-1 expression. Although Blimp-1 is not required for 
initial commitment to the PC lineage, it is indispensable for the 
generation of terminally differentiated PCs. Other transcrip- 
tion factors, XBP-1 and IRF4 (interferon-induced regulatory 
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Figure 4. STAT1 mutations do not affect the generation of plasmablasts but impair sustained Ig secretion. (A-F) Naive (A-C) and memory 
(D-F) B cells were sort-purified from normal donors or STAT1 MUT patients and then cultured (25 x 10 3 /well/l00 pi) with CD40L alone (open symbols in 
B and E) or together with IL-21 (closed symbols in B and E). The generation of plasmablasts, defined as cells acquiring a CD38 hl CD27 hl phenotype (A, B, D, 
and E), as well as secretion of IgM, IgG, and IgA (C and F), was determined after 4, 5.5, and 7 d. The contour plots (A and D) are representative of plasma- 
blasts detected after 5 d of culture. The graphs depicting Ig secretion are from cultures of CD40L/IL-21 -stimulated B cells. The values represent the mean 
(±SEM for B, C, E, and F) of experiments using cells from two normal donors and two STAT1 MUT patients. Similar results were obtained in a second inde- 
pendent experiment. 



factor-4), are also involved in PC differentiation (Nutt et al., 
2011). A key mechanism by which IL-21 mediates differen- 
tiation of naive B cells into PCs is by modulating expression 
of these transcription factors. Thus, naive B cells lose PAX5 
and acquire Blimp-1 and XBP-1 in response to IL-21 in vitro 
(Ettinger et al, 2005; Bryant et al, 2007). 

Our finding that STAT3 MUX memory, but not naive, 
B cells were capable of secreting near-normal levels of Ig in 
response to IL-21 (Fig. 3 and Table 2) led us to investigate 
transcriptional changes in normal and STAT3 MUX naive and 
memory B cells after stimulation with IL-21. We also exam- 
ined STAT1 MUX naive and memory B cells as the latter had 
some defects in secreting normal levels of Ig (Fig. 3 and Table 2) . 
Addition of IL-21 to cultures of B cells from normal donors 
resulted in the down-regulation of PAX5 and up-regulation 
of PRDMi and XBP1 in naive and memory B cells (Fig. 5, 
A and B). PRDM1 and XBP1 were substantially higher, and 
PAX5 much lower, in memory versus naive cells (Fig. 5, 
A and B). Furthermore, although IL-21 had no detectable 
effect on IRF4 expression in normal naive B cells (Fig. 5 A), 
it induced an approximately threefold increase in IRF4 in 
normal memory B cells (Fig. 5 B). These differences likely 
contribute to memory B cells secreting 10— 20-fold more Ig 
than naive cells (Figs. 3 and 4 and Table 2). 

STAT1 MUX naive and memory B cells modulated expres- 
sion of PAX5, PRDM1, XBPi, and IRF4 in a manner indis- 
tinguishable from normal B cells (Fig. 5, A and B), consistent 
with normal Ig secretion during short-term cultures 
(Fig. 4, C and F). However, STAT3 MUX B cells revealed marked 
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differences in the behavior of naive and memory cells. Al- 
though naive STAT3 MUX B cells down-regulated PAX5 in re- 
sponse to IL-21, they failed to up-regulate PRDM1 and XBP1 
(Fig. 5 A). In stark contrast, IL-21— mediated induction of 
PRDM1, XBP1, and IRF4 in STAT3 MUX memory B cells was 
intact (Fig. 5 B), mirroring the ability of these cells to secrete 
large amounts of Ig in response to IL-21 (Fig. 3 B). Induction 
of AICDA in STAT3 MUX naive B cells by IL-21 was compara- 
ble with normal and STAT1 MUX naive B cells (Fig. 5 A), fur- 
ther demonstrating that STAT3 MUX naive B cells can respond 
to IL-21 under the culture conditions used here. In contrast to 
naive B cells, IL-21 reduced AICDA expression in memory 
B cells from all individuals compared with stimulation with 
CD40L alone (Fig. 5 B). This is probably a result of memory 
B cells expressing much higher levels of PRDM1 (Fig. 5 B), 
which directly represses AICDA (Nutt et al., 201 1). Thus, dif- 
ferentiation of naive and memory B cells into Ab-secreting 
cells, as determined both at the cellular and molecular level, 
exhibit distinct sensitivity to mutations in STAT3. 

Memory cells exhibit greater sensitivity to the stimulatory 
effects of STAT3-activating cytokines IL-21 and IL-10 

One possible explanation for this differential susceptibility to 
mutations in STAT3 would be that in memory B cells IL-21 
activates an alternate STAT3-independent signaling pathway. 
However, we observed little activation of pathways other 
than STAT1 and STAT3 in memory B cells (Fig. 2). An alter- 
native possibility was that memory B cells expressed higher levels 
of STAT3 or were enriched for expression of the wild-type 
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Figure 5. Induction of the PC transcriptional program is intact in IL-21 -stimulated STAT3 MUT memory B cells. (A and B) Naive 
(CD20+CDlO-CD27-|gG-; A) and memory (CD20+CD10-CD27+; B) B cells were sort-purified from normal donor controls (Ctl; n = 10 [or 7 for AICDA]), 
STAT3 MUT patients (n = 5), or STAT1 MUT patients (n = 4) and then cultured with CD40L alone or together with IL-21 (+IL-21) for 5 d. Expression of PAX5, 
PRDM1, XBP1, IRF4, and AICDA was determined by qPCR. The columns represent the mean ± SEM of experiments performed using naive B cells from 
7-10 normal donors, 5 STAT3 MUT patients, or 4 STAT1 MUT patients. Levels of expression are relative to the amount of GAPDH. ns, not significant; 
*, P< 0.05;**, P< 0.01;***, P< 0.001. 



STAT3 allele compared with naive B cells. Yet we found that 
naive and memory B cells from normal donors or AD-HIES 
patients expressed comparable levels of STAT3 both ex vivo 
and after in vitro culture (not depicted) and that the mutant 
allele still accounted for ~50% of total STAT3 that was ex- 
pressed by memory B cells (not depicted). A final explanation 
for the differential effects of STAT3 deficiency on the func- 
tion of naive versus memory B cells derives from the hetero- 
zygous nature of the STAT3 mutations and the fact that 
STATs exert their effect as dimers. This predicts that the mu- 
tant allele acts in a dominant-negative manner, thereby in- 
hibiting the function of up to 75% of STAT3 dimers and 
leaving only 25% intact (Holland et al., 2007; Minegishi 
et al., 2007). Thus, the differential sensitivity of naive and 
memory B cells to STAT3 mutations may reflect an increased 
responsiveness of memory cells to STAT3 action such that 
the residual wild-type STAT3 dimers in STAT3 MUX mem- 
ory, but not naive, B cells are sufficient to render these cells 
responsive to the effects of STAT3-activating cytokines. To 
test whether there are differences in the threshold of activa- 
tion of naive and memory B cells, these B cell subsets were 
purified from normal donor spleens and cultured with CD40L 
and increasing concentrations of IL-21 or IL-10, and induc- 
tion of expression of PRDM1 and XBP1 was determined after 
4 d. The concentrations of IL-21 (Fig. 6 A, left) and IL-10 
(Fig. 6 B, left) required to induce PRDM1 in naive B cells 



(i.e., 10 ng/ml IL-21 and 100 U/ml IL-10) were at least five 
times higher than those required for induction in memory 
B cells (i.e., 2 ng/ml IL-21 and 20 U/ml IL-10). Further- 
more, these cytokines induced PRDM1 in memory B cells at 
levels that exceeded those in naive B cells by two- to five- 
fold (Fig. 6, A and B, left). Induction of XBPi followed a 
similar pattern, with expression being detected in memory 
B cells at much reduced cytokine concentrations than in 
naive B cells and memory B cells expressing substantially 
more XBPI than naive B cells (Fig. 6, A and B, right). Col- 
lectively, these results demonstrate that memory B cells have 
greater sensitivity to the stimulatory effects of these STAT3- 
activating cytokines, especially when present at limiting con- 
centrations. Thus, it is likely that the small percentage of 
wild-type STAT3 dimers that can form in STAT3 MUX mem- 
ory B cells are sufficient to integrate signals provided by 
IL-10 and IL-21 to facilitate the differentiation of memory 
B cells into Ig-secreting plasmablasts. 

Loss-of-function mutations in IL2 1R abolishes 
responses of naive and memory B cells to IL-21 

To establish that the differences in responses of naive and 
memory STAT3 MUT B cells to IL-21 involved direct signal- 
ing through the IL-21 R, rather than interactions between 
IL-21 and a putative alternate receptor that may be expressed 
only on memory B cells and functions independently of 
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Figure 6. Memory B cells exhibit greater sensitivity to the differ- 
entiation-inducing effects of STAT3-activating cytokines IL-21 and 
IL-1 0. (A and B) Naive and memory B cells were sort-purified from nor- 
mal donor spleens and then cultured with CD40L alone or with increasing 
concentrations of IL-21 (A) or IL-10 (B). After 4 d, expression of PRDM1 
and XBP1 was determined by qPCR. The values are presented as the per- 
centage of the maximum response, defined as the levels of expression 
induced in memory B cells by the highest dose of IL-21 tested (50 ng/ml). 
The data represent the mean ± SEM of experiments using naive and 
memory B cells from three different normal donor spleens. 

STAT3, we examined the B cell compartment in recently 
identified individuals with loss-of-function mutations in 
IL2iR (Kotlarz et al., 2013). Phenotypic analysis of three in- 
dividuals revealed a marked deficiency in memory B cells 
that was comparable with that observed for STAT3 MUX 
patients (Fig. 7 A and Table 1). Furthermore, in contrast to 
healthy donors, ^95% of IL-21R MUX B cells were IgM + IgD + , 
revealing a deficiency in Ig isotype-switched cells (Fig. 7 B). 
We also quantified the proportion of memory B cells that 
expressed specific Ig isotypes and found that although ^50% 
of memory B cells from normal donors had lost expression of 
IgD and IgM, >90% of IL-21R MUX memory B cells remained 
IgD + (Fig. 7 C and not depicted). Consistent with this, <5% 
of IL-21 R MUT memory B cells had undergone switching to 
express IgG or IgA, whereas the memory B cell pool of nor- 
mal donors is comprised of ^25% IgG + and ^20% IgA + cells 
(Fig. 7 C). Thus, IL-21 signaling is indispensable for the gen- 
eration of not only a normal pool of memory B cells but also 
the generation of isotype-switched effector B cells within the 
memory cell subset. 

When naive B cells were isolated from normal donors and 
IL-21R MUT individuals and cultured in vitro, only B cells from 
normal donors responded to IL-21, as revealed by the genera- 
tion of CD38 lu CD27 lu plasmablasts (Fig. 7 D), secretion of 
high levels of IgM, IgG, and IgA (Fig. 7 E), and down- 
regulation of PAX5 while concomitantly acquiring AICDA, 
PRDM1, and XBP1 expression (Fig. 7 F). All of these readouts 
of naive B cell differentiation were abolished by loss-of-function 
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mutations in IL21R (Fig. 7, D— F). Not surprisingly, CD40L- 
stimulated IL-21 R MUT memory B cells also failed to respond to 
the stimulatory effects of IL-21 (Fig. 7 E). IL-21 R MUT naive 
B cells, though, are intrinsically functional, as indicated by in- 
tact responses to IL-4 and IL-10 with respect to induction of 
AICDA (IL-4 and IL-10) and XBPi (IL-4) and reduction in 
PAX5 (IL-10; Fig. 7 F). These findings demonstrate the speci- 
ficity of the IL-21 used in our experiments and reveal that both 
naive and memory B cells absolutely require a functional 
IL-21R for their response to IL-21. 

DISCUSSION 

Naive and memory B cells play distinct roles during humoral 
immune responses. Thus, naive B cells activated after primary 
encounter with foreign Ag initially produce Ag-specific IgM 
and eventually yield B cells that produce IgG or IgA. In con- 
trast, memory cells respond much more efficiently upon sub- 
sequent exposure to such Ags, rapidly differentiating into 
Ab-secreting cells to produce substantially higher levels of 
protective Ig than naive cells (Ahmed and Gray, 1996; Rajewsky, 
1996; Tangye and Tarlinton, 2009). This increased efficacy 
of memory B cell activation is one mechanism underlying 
long-term protective immunological memory. 

B cell differentiation into plasmablasts is regulated by the 
integration of signals provided by Ag, T cell help (CD40L), 
and cytokines. Signal transduction pathways activated by these 
ligands converge to activate key transcriptional regulators, 
such as Blimp-1, that mediate the commitment of activated 
B cells to a PC fate (Nutt et al., 2011). Cytokines important 
for human B cell differentiation include IL-10 and IL-21, 
which induce isotype switching, PC generation, and Ab se- 
cretion from activated naive and memory B cells (Banchereau 
et al, 1994; Arpin et al, 1997; Pene et al, 2004; Ettinger 
et al., 2005; Bryant et al, 2007; Avery et al, 2008a). A com- 
mon feature of these cytokines is their ability to activate simi- 
lar signaling intermediates, such as STAT1 and STAT3. 
Remarkably, the effects of IL-10 or IL-21 on human naive 
B cells are abolished by heterozygous STAT3 mutations, yet 
are unaffected by mutations in STAT1 (Figs. 3—5; Avery et al., 
2010). These defects likely explain defective Ab responses and 
reduced numbers of memory B cells in AD-HIES (Leung 
et al., 1988; Sheenn and Buckley, 1991; Avery et al., 2010) and, 
conversely, intact humoral responses in STAT 1 -deficient pa- 
tients (Boisson-Dupuis et al., 2012). Interestingly, mutations 
in IL21R recapitulated the impaired Ab responses to vaccines 
(Kotlarz et al., 2013) and memory B cell deficit (Fig. 7) ob- 
served in AD-HIES, despite the ability of IL-21 R— deficient 
B cells to respond to other growth and differentiation- 
inducing cytokines such as IL-4 or IL-10. In contrast, B cell 
responses in vivo appear intact in IL-10/IL-10R— deficient in- 
dividuals (Kotlarz et al., 2012). Thus, STAT3, downstream of 
IL-21 R, clearly plays a central role in establishing long-lived 
Ab-mediated immunity. 

Our study revealed that STAT3 mutations do not affect 
memory B cell function, as STAT3 MUX memory cells under- 
went the molecular and cellular changes required for plasmablast 
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Figure 7. Loss-of-function mutation in IL21R abolishes 
B cell responses to IL-21. (A and B) PBMCs from age-matched 
normal donors and three patients with loss-of-function muta- 
tions in //.2?/?were labeled with mAb against CD20, CD10, 
CD27, IgM, IgD, IgG, and IgA. (A) Memory B cells were quantified 
based on the frequency of CD20+ B cells that were CD1CreD27 + . 
(B and C) The percentages of total B cells in normal donors or 
IL-21 R-deficient patients that coexpressed IgM and IgD (B) and of 
memory (i.e., CD27+) B cells from normal donors and IL-21 R MUT 
patients that expressed IgD, IgG, or IgA (C) were determined. 
**, P < 0.01. Each symbol in A and B represents an individual 
normal donor or IL-21 R MUT patient; the horizontal bars represent 
means. The values in C represent the mean percentage ± SEM of 
memory B cells from four normal donors or three IL-21 R MUT 
patients that express IgD, IgG, or IgA. (D-F) Naive or memory 
B cells sort-purified from normal donors or I L-2 1 R 1 MUT patients 
were cultured with CD40L alone or CD40L/IL-21 (D and E) or 
CD40L/IL-4, CD40L/IL-10, or CD40L/IL-21 (F). After 5 d, the per- 
centage of plasmablasts (i.e., CD38 hi CD27 hi ) generated (D) and 
expression of PAX5, AICDA, PROMT, and XBP1 by cultured naive 
B cells (F) were determined by flow cytometry or qPCR. The val- 
ues in D represent the mean (±SEM) percentage of naive B cells 
that acquired a plasmablast phenotype in response to CD40L/IL- 
21 in experiments using naive B cells from three different nor- 
mal donors or one IL-21 R MUT patient. In the absence of IL-21 
<0.5°/o plasmablasts were detected in these cultures. (E) The 
levels of secreted IgM, IgG, and IgA by naive and memory B cells 
from normal donors (ND) or IL-21R MUT patients (Pt) in response 
to stimulation with CD40L/IL-21 were determined by ELISA after 
10 d. The amounts of Ig secreted by IL21 R MUT memory B cells in 
response to CD40L/IL-21 did not differ from those induced by 
CD40L alone (not depicted). These data are from one of three 
experiments using naive B cells from five different healthy con- 
trols or two unrelated IL-21 R MUT patients. The values in F repre- 
sent the mean ± SEM from experiments using two to five 
different healthy controls or of three experiments using cells 
from two unrelated IL-21 R MUT patients. The horizontal black lines 
on the graphs in F indicate a value of 1.0, which corresponds to 
the relative level of expression of the indicated gene in CD40L- 
stimulated normal naive B cells. 



differentiation in response to IL-10 or IL-21. Importantly, 
although memory cells are numerically deficient in AD-HIES 
patients, they produced normal levels of Ag-specific IgG 
in vitro on a per cell basis, inferring that STAT3 MUX memory 
B cells would be functional in vivo. This explains the vari- 
ability in impairment in humoral immunity in AD-HIES pa- 
tients (Sheerin and Buckley, 1991; Avery et al., 2010). There 
are several explanations for the normal response of STAT3 MUX 



memory B cells to STAT3 cytokines. First, these cytokines 
may activate signaling pathways in memory B cells distinct 
from naive cells, thereby allowing memory cells to respond 
independently of STAT3, unlike naive B cells. This is un- 
likely as we detected comparable activation of STATs, yet 
little activation of Erk and Akt in IL-21 -stimulated naive and 
memory B cells. Second, STAT3 may be differentially ex- 
pressed by naive and memory B cells; however, this was also 
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found to not be the case. Third, because STAT1 MUT B cells 
secreted less Ig in vitro over time, STAT1 may contribute to 
the function of activated memory B cells. Even if correct, the 
reduction in Ig secretion by STAT1 MUX memory B cells is 
probably not physiologically significant as these patients have 
intact humoral immunity (Boisson-Dupuis et al., 2012). This 
may reflect the intact early differentiation of STAT1 MUX 
naive and memory B cells in response to IL-10 and IL-21 
in vitro, the generation of normal numbers of memory B cells 
in vivo, and the ability of STAT1 MUT memory B cells to 
produce sufficient quantities of specific Abs after reexposure 
to immunizing Ags or infectious pathogens. These findings 
suggest that STAT1 plays only a minor, if any, role in induc- 
ing and maintaining humoral immunity. A final possibility is 
that memory B cells require less activated STAT3 to respond 
to specific cytokines than do naive B cells. Thus, the residual 
amounts of functional STAT3 in STAT3 MUX B cells are suf- 
ficient to mediate plasmablast differentiation induced by 
IL-10 and IL-21 in memory, but not naive, B cells. This is sup- 
ported by our finding that IL-10 and IL-21 induced expres- 
sion of the key PC transcription factors Blimp-1 and XBP-1 
in memory B cells at concentrations that had no effect on 
gene expression in corresponding naive B cells (Fig. 6). This, 
therefore, is our favored model, which is also consistent 
with memory B cells having a lower threshold for activa- 
tion than naive B cells (Yefenof et al., 1986; Poudrier and 
Owens, 1994), which underlies their rapid response on sub- 
sequent encounters with specific Ag (Ahmed and Gray, 1996; 
Rajewsky, 1996; Tangye and Tarlinton, 2009; Goodnow 
et al, 2010). 

These findings also provide important insights into the 
hierarchy by which cytokines operate to induce B cell differ- 
entiation. Thus, although IL-21 R— deficient naive B cells 
could respond to IL-4 and IL-10 in vitro to induce key events 
required for Ig isotype switching (AICDA expression) and 
PC generation (PRDM1 and XBPT), responses to these and 
other cytokines such as BAFF and APRIL (Banchereau et al., 
1994; Litinskiy et al., 2002; Avery et al., 2003; Craxton et al., 
2003) are insufficient in vivo to compensate for a complete 
absence of IL-21/IL-21R signaling. This is indicated by 
B cells in IL-21 R— deficient individuals expressing only IgM 
and IgD, with essentially no isotype-switched cells being 
detected (Fig. 7). Thus, despite IL-4 and IL-10 inducing 
AICDA expression in IL-21R— deficient B cells, a primary 
signal via the IL-21R appears to be the critical and rate-limiting 
step for B cells to undergo isotype switching, after which 
cytokines such as IL-4, IL-10, BAFF, and APRIL can coop- 
erate to enhance IL-21— induced switching and B cell differ- 
entiation (Litinskiy et al., 2002; Avery et al, 2003, 2008a; 
Craxton et al., 2003). This is reminiscent of the immunologi- 
cal phenotype of X-linked or JAK3-deficient SCID patients 
who have undergone stem cell transplant but retain autolo- 
gous (i.e., IL2RQ or JAK3 mutant) B cells, inasmuch that 
these patients have significant reductions in memory B cells, 
isotype-switched B cells, and serum IgM and lack serum IgG 
and IgA (Recher et al., 2011), thereby highlighting the 



requirement for intact signaling through "yc/JAK3 down- 
stream of IL-4R and IL-21R for B cell differentiation and ef- 
fector function. Interestingly though, populations of IgG + 
and IgA + cells were detectable within the memory B cell 
subset of STAT3-deficient individuals, despite the reduction 
in total memory B cells in these patients. Because IL-21 could 
induce CD40L-activated STAT3 MUX naive B cells to express 
AICDA, but not PRDM1, it is likely that the level of STAT3 
required to mediate class switching in naive B cells is signifi- 
cantly less that that required for plasmablast formation. Thus, 
although IL-21R is indispensable for class switching in vivo, 
the residual amount of functional STAT3 in STAT3 MUT naive 
B cells is sufficient to mediate IL-21— induced class switching 
in vivo. These findings demonstrate that within the same 
cell type (i.e., naive B cells) the thresholds of activation of 
STAT3 required for different biological processes (i.e., class 
switching versus plasmablast generation) are distinct, thereby 
providing a rational explanation for (a) intact class switch re- 
combination but defective plasmablast formation by STAT3- 
deficient naive B cells to IL-21 and (b) phenotypic differences 
between memory B cells in patients with mutations in STAT3 
or IL21R. 

As a key attribute of memory B cells is their ability to re- 
spond more rapidly than naive B cells, a question that arises is 
why STAT3 MUX memory B cells do not increase in frequency 
over time to improve humoral immunity in AD-HIES. Be- 
cause STAT3 MUX memory B cells exhibit normal responses to 
IL-21 in vitro, this would suggest that availability of, or access 
to, stimulatory cytokines in vivo is limiting. We have reported 
that the proportions (Ma et al., 2012; Mazerolles et al., 2013) 
and absolute numbers (101 + 7 cells/ml in normal donors vs. 
51.6 + 10 cells/ml peripheral blood in STAT3 deficiency) of 
circulating CD4 + CXCR5 + T cells, which like Tfh cells pres- 
ent in secondary lymphoid tissues are enriched for IL-21— pro- 
ducing cells (Chevalier et al., 2011), are reduced in AD-HIES 
patients. Furthermore, STAT3 MUX CD4 + T cells are impaired 
in their ability to generate Tfh-like cells in vitro, thereby com- 
promising IL-21— mediated help for B cell differentiation (Ma 
et al., 2012). These observations are consistent with a scenario 
whereby STAT3 MUX memory B cells, despite their intact abil- 
ity to respond to IL-21, are constrained in doing so in vivo be- 
cause of diminished production of IL-21 by STAT3- 
deficient CD4+ T cells. 

The deficit in memory B cells observed in STAT3 MUX 
patients is comparable with that in other immune-deficient 
individuals, such as patients with mutations in SH2D1A 
(XLP; Ma et al., 2005, 2006), CD40LG (hyper-IgM syn- 
drome; Notarangelo et al., 2006) or ICOS (common vari- 
able immunodeficiency; Warnatz et al., 2006), or transplanted 
X-linked/JAK3-deficient SCID patients who retain autolo- 
gous B cells (Recher et al., 2011). Although all of these latter 
conditions are characterized by reductions in serum Ig levels 
(Ma et al, 2005; Notarangelo et al., 2006; Warnatz et al., 
2006; Recher et al., 2011), serum levels of IgM, IgG, and IgA 
are normal in STAT3-deficient patients despite a generalized 
impairment in the ability to elicit sustained Ag-specific Ab 



2750 



Differential function of STAT3 in human B cells | Deenick et al. 



Article 



responses (Leung et al., 1988; Sheerin and Buckley, 1991; 
Avery et al., 2010). Our results provide a potential explanation 
for the apparent discrepancy between reduced memory B cells 
but normal serum Ig levels in STAT3 deficiency, inasmuch 
that the residual memory B cells can respond to B cell differ- 
entiating cytokines and thus contribute to the pool of serum 
Ig. The corollary of this is that the small population of memory 
B cells in XLP, hyper-IgM syndrome, ICOS deficiency, and 
posttransplant SCID are unable to access appropriate CD4 + T 
cell— derived signals (i.e., SAP-dependent interactions; CD40L; 
ICOS; IL-2/IL-4/IL-21) and thus are limited in their ability to 
contribute to humoral immunity. An extension of our findings 
is that because we could detect functional Ag-specific STAT- 
3 MUX memory B cells, directed targeting of these cells with 
IL-21— mediated signals may improve humoral immunity in 
AD-HIES patients. 

MATERIALS AND METHODS 

Human blood and tissue samples. Buffy coats and spleens from healthy 
donors were provided by the Australian Red Cross Blood Service. Periph- 
eral blood was also collected from patients with loss-of-function mutations 
in STAT1 (STAT1 MUT ; Dupuis et al., 2001; Chapgier et al., 2006, 2009; 
Sampaio et al., 2012; Hirata et al., 2013; Ives et al., 2013), STAT3 (STAT- 
3 MUX ; Ma et al, 2008, 2012; Avery et al., 2010) or IL21R (IL-21R MUT ; 
Kotlarz et al., 2013; Ives et al., 2013; Table SI). Approval for this study was 
obtained from the human research ethics committees of the St. Vincent's 
Hospital and Sydney South West Area Health Service (Australia), the Rock- 
efeller University Institutional Review Board (New York), and the National 
Institute of Allergy and Infectious Diseases Intramural Institutional Review 
Board (Bethesda, MD). 

Lymphocyte phenotyping and isolation. PBMCs were incubated with 
mAb to CD20 and CD27 and an isotype control or mAb specific for CD23, 
CD24, CD80, CD86, CD95, TACI, IgM, IgD, IgG, IgGl, IgG2, IgG3, 
IgG4, and IgA, and expression of these molecules on CD20 + CD27~ (naive) 
and CD20 + CD27 + (memory) B cells was determined by flow cytometry 
(Ma et al., 2006). Naive and memory B cells were purified by labeling either 
PBMCs or total B cells with mAb against CD10, CD20, and CD27 and sort- 
ing CD10-CD20+CD27" (naive) and CDKrCD20 + CD27 + (memory) cells 
(FACSAria; BD; (Avery et al, 2008b, 2010). Splenic B cells were labeled 
with mAbs against CD20, CD27, IgG, and IgA, and subsets of either naive 
(CD20+CD27 - ) and total memory B cells (CD20 + CD27 + ) or IgM memory 
(CD20 + CD27"IgG-IgA-) and isotype-switched (CD20 + CD27-IgG + IgA+) 
memory B cells were collected (FACSAria; Tangye et al., 2003a; Bryant 
et al., 2007; Good et al., 2009). The purity of the recovered populations was 
typically >98%. To enumerate circulating Tfh-like cells, PBMCs were la- 
beled with mAbs against CD3, CD4, and CXCR5, and the absolute number 
of CD4+CXCR5+ T cells was then determined. 

In vitro activation of naive and memory B cells. Naive and memory 
B cells isolated from normal donors or STAT3 MUT , STAT1 MUT , or IL- 
21R MUT patients were cultured f/^5— 10 x 10V200 pi/ well for proliferation, 
Ig secretion, and qPCR and ~4 X 10V400 pi/ well for phenotyping; BD) 
with CD40L alone or together with 100 U/ml IL-4, 100 U/ml IL-10, 
50 ng/ml IT-21 (PeproTech), or 1 ug/ml CpG 2006 (Sigma- Aldrich) . Ex- 
pression of STAT3, PAX5, PRDM1, XBP1, IRF4, and AICDA was deter- 
mined after 5 d by real-time PCR and standardized to GAPDH (Avery et al., 
2010). Expression of Ig £ germline transcripts were determined by PCR as 
described previously (Avery et al., 2008b). Differentiation of B cells to plas- 
mablasts was assessed by determining the frequency of cells acquiring a CD- 
38 lu CD27 lu phenotype during in vitro culture (Avery et al., 2005). B cell 
proliferation was determined by assessing the incorporation of [ 3 H] thymidine 
(1 pCi/ml per well; ICN Biomedicals) during the final 18 h of a 5-d culture 



(Good et al., 2006). Ig secretion was determined by ELISA after 4—12 d of 
culture (Bryant et al., 2007). Relative levels of antitetanus IgG in culture 
supernatants were determined by ELISA using plates precoated with tetanus 
toxoid (Sigma-Aldrich) and then detecting bound IgG (Avery et al., 2010). 

Analysis of intracellular signaling. Naive and memory splenic B cells 
were cultured with F(ab') 2 fragments of goat anti— human Ig (Jackson Immuno- 
Research Laboratories, Inc.) for ^18 h, washed, and then recultured with 
media alone, 100 ng/ml IL-21, or F(ab') 2 anti-Ig for 15—30 min. Cells were 
then fixed, permeabilized, labeled with anti— phospho-STATl, STAT3, 
STAT4, STAT5, and STAT6 mAb (Avery et al., 2008b, 2010) and analyzed 
by flow cytometry. Alternatively, cells were lysed and Western blotting was 
performed using rabbit polyclonal anti-STAT3 (C-20), anti-ERK2 (C-14), 
and anti-14.3.3 (K-19; Santa Cruz Biotechnology, Inc.); and anti-STAT3 
pY705 (3E2), anti-AKT pS473 (587F11), and anti-ERKl/2 pT202/Y204 
(Cell Signaling Technology). 

Statistical analysis. Significant differences between datasets were deter- 
mined using either the unpaired Student's t test when comparing two vari- 
ables or ANOVA for more than two variables (Prism; GraphPad Software). 

Online supplemental material. Table SI provides details of the patients 
analyzed in this study. Online supplemental material is available at http:// 
www.jem.org/cgi/content/full/jem.20130323/DCl. 

We thank the Garvan Flow Cytometry facility for cell sorting, Rob Brink, Tri Phan, 
and Tony Basten for critical review of this manuscript, members of the James 
laboratory (Garvan Institute) for advice on Western blotting, and the patients and 
their families for participating in this project. We also acknowledge the late 
Dr. Klaus Madgorf for his contributions to our research. 

This work was funded by project and program grants from the National Health 
and Medical Research Council (NHMRC) of Australia (to E.K. Deenick, C.S. Ma, D.A. 
Fulcher, M.C. Cook, and S.G. Tangye) and the Rockefeller University Center for 541 
Clinical and Translational science (5UL1 RR0241 43 to J.L Casanova). C.S. Ma is a 
recipient of a Career Development Fellowship, L.J. Berglund is a recipient of a 
Medical Postgraduate Scholarship, and S.G. Tangye is a recipient of a Principal 
Research Fellowship from the NHMRC of Australia. L. Moens is the recipient of a 
Postdoctoral Fellowship from the Research Foundation-Flanders (FW0), Belgium. 

The authors declare no competing financial interests. 

Submitted: 12 February 2013 
Accepted: 22 October 2013 

REFERENCES 

Ahmed, R., and D. Gray. 1996. Immunological memory and protective im- 
munity: understanding their relation. Science. 272:54—60. http://dx.doi 
.org/10.1126/science.272.5258.54 

Arpin, C, J. Banchereau, and Y.J. Liu. 1997. Memory B cells are biased 
towards terminal differentiation: a strategy that may prevent reper- 
toire freezing. J. Exp. Med. 186:931-940. http://dx.doi.org/10.1084/ 
jem. 186.6.931 

Asao, H, C. Okuyama, S. Kumaki, N. Ishii, S. Tsuchiya, D. Foster, and K. 
Sugamura. 2001. Cutting edge: the common gamma-chain is an indis- 
pensable subunit of the IL-21 receptor complex. J. Immunol. 167:1—5. 

Avery, D.T., S.L. Kalled, J.I. Ellyard, C. Ambrose, S.A. Bixler, M. Thien, 
R. Brink, F. Mackay, P.D. Hodgkin, and S.G. Tangye. 2003. BAFF 
selectively enhances the survival of plasmablasts generated from human 
memory B cells. J. Clin. Invest. 112:286-297. 

Avery, D.T., J.I. Ellyard, F. Mackay, L.M. Corcoran, P.D. Hodgkin, and 
S.G. Tangye. 2005. Increased expression of CD27 on activated human 
memory B cells con-elates with their commitment to the plasma cell 
lineage. J. Immunol. 174:4034-4042. 

Aveiy, D.T., V.L. Bryant, C.S. Ma, R. de Waal Malefyt, and S.G. Tangye. 
2008a. IL-21-induced isotype switching to IgG and IgA by human naive 
B cells is differentially regulated by IL-4. J. Immunol. 181:1767—1779. 

Avery, D.T., C.S. Ma, V.L. Bryant, B. Santner-Nanan, R. Nanan, M. Wong, 
D.A. Fulcher, M.C. Cook, and S.G Tangye. 2008b. STAT3 is required 



JEM Vol. 210, No. 12 



2751 



JEM 



for IL-21-induced secretion of IgE from human naive B cells. Blood. 
112:1784-1793. http://dx.doi.org/10.1182/blood-2008-02-142745 

Aveiy, D.T., E.K. Deenick, C.S. Ma, S. Suryani, N. Simpson, G.Y. Chew, 
T.D. Chan, U. Palendira, J. Bustamante, S. Boisson-Dupuis, et al. 2010. 
B cell— intrinsic signaling through IL-21 receptor and STAT3 is required 
for establishing long-lived antibody responses in humans. J. Exp. Med. 
207:155-171. http://dx.doi.org/10.1084/jem.20091706 

Banchereau, J., F. Briere, Y.J. Liu, and F. Rousset. 1994. Molecular control 
of B lymphocyte growth and differentiation. Stem Cells. 12:278—288. 
http://dx.doi.org/10.1002/stem.5530120304 

Bernasconi, N.L., E.Traggiai, and A. Lanzavecchia. 2002. Maintenance of se- 
rological memory by polyclonal activation of human memory B cells. 
Science. 298:2199-2202. http://dx.doi.org/10.1126/science.1076071 

Bernasconi, N.L., N. Onai, and A. Lanzavecchia. 2003. A role for Toll-like 
receptors in acquired immunity: up-regulation of TLR9 by BCR triggering 
in naive B cells and constitutive expression in memory B cells. Blood. 
101:4500-4504. http://dx.doi.org/10.1182/blood-2002-ll-3569 

Boisson-Dupuis, S., X.F. Kong, S. Okada, S. Cypowyj, A. Puel, L. Abel, 
andJ.L. Casanova. 2012. Inborn errors of human STAT1: allelic het- 
erogeneity governs the diversity of immunological and infectious pheno- 
types. Curr. Opin. Immunol. 24:364-378. http://dx.doi.org/10.1016/ 
j.coi.2012.04.011 

Bryant, V.L., C.S. Ma, D.T. Avery, Y. Li, K.L. Good, L.M. Corcoran, R. 
de Waal Malefyt, and S.G. Tangye. 2007. Cytokine-mediated regula- 
tion of human B cell differentiation into Ig-secreting cells: predom- 
inant role of IL-21 produced by CXCR5+ T follicular helper cells. 
J. Immunol. 179:8180-8190. 

Casanova, J.L., S.M. Holland, and L.D. Notarangelo. 2012. Inborn er- 
rors of human JAKs and STATs. Immunity. 36:515—528. http://dx.doi 
.org/10. 1016/j.immuni.2012. 03. 016 

Chapgier, A., S. Boisson-Dupuis, E. Jouanguy, G. Vogt, J. Feinberg, A. 
Prochnicka-Chalufour, A. Casrouge, K. Yang, C. Soudais, C. Fieschi, 
et al. 2006. Novel STAT1 alleles in otherwise healthy patients with 
mycobacterial disease. PLoS Genet. 2:el31. http://dx.doi.org/10.1371/ 
journal. pgen. 0020131 

Chapgier, A., X.F. Kong, S. Boisson-Dupuis, E. Jouanguy, D. Averbuch,J. 
Feinberg, S.Y. Zhang, J. Bustamante, G. Vogt, J. Lejeune, et al. 2009. 
A partial form of recessive STAT1 deficiency in humans. J. Clin. Invest. 
119:1502-1514. http://dx.doi.org/10.1172/JCI37083 

Chevalier, N., D. Jarrossay, E. Ho, D.T. Avery, C.S. Ma, D. Yu, F. 
Sallusto, S.G. Tangye, and C.R. Mackay. 2011. CXCR5 express- 
ing human central memory CD4 T cells and their relevance for 
humoral immune responses. J. Immunol. 186:5556—5568. http://dx.doi 
.org/10.4049/jimmunol.l002828 

Craxton, A., D. Magaletti, EJ. Ryan, and E.A. Clark. 2003. Macrophage- 
and dendritic cell — -dependent regulation of human B-cell proliferation 
requires the TNF family ligand BAFF. Blood. 101:4464-4471. http:// 
dx.doi.org/10.1182/blood-2002-10-3123 

Darce, J.R., B.K. Arendt, X. Wu, and D.F. Jelmek. 2007. Regulated ex- 
pression of BAFF-binding receptors during human B cell differentia- 
tion. J. Immunol. 179:7276-7286. 

Davey, A.M., and S.K. Pierce. 2012. Intrinsic differences in the initiation 
of B cell receptor signaling favor responses of human IgG(+) memory 
B cells over IgM(+) naive B cells. J. Immunol. 188:3332-3341. http:// 
dx.doi.org/10.4049/jimmunol.1102322 

Deenick, E.K.J. Hasbold, and P.D. Hodgkin. 1999. Switching to IgG3, 
IgG2b, and IgA is division linked and independent, revealing a sto- 
chastic framework for describing differentiation. J. Immunol. 163: 
4707-4714. 

Diehl, S.A., H. Schmidlm, M. Nagasawa, S.D. van Haren, M.J. Kwakkenbos, 
E. Yasuda, T. Beaumont, F.A. Scheeren, and H. Spits. 2008. STAT3- 
mediated up-regulation of BLIMP1 Is coordinated with BCL6 down- 
regulation to control human plasma cell differentiation. J. Immunol. 
180:4805-4815. 

Dupuis, S., C. Dargemont, C. Fieschi, N. Thomassin, S. RosenzweigJ. Harris, 
S.M. Holland, R.D. Schreiber, andJ.L. Casanova. 2001. Impairment of 
mycobacterial but not viral immunity by a germline human STAT1 
mutation. Science. 293:300—303. http://dx.doi.org/10.1126/science 
.1061154 



Ellyard, J.I., D.T. Avery, T.G. Phan, N.J. Hare, P.D. Hodgkin, and S.G. 
Tangye. 2004. Antigen-selected, immunoglobulin-secreting cells per- 
sist in human spleen and bone marrow. Blood. 103:3805—3812. http:// 
dx.doi.org/10.1182/blood-2003-09-3109 

Engels, N., L.M. Konig, C. Heemann, J. Lutz, T. Tsubata, S. Griep, V. 
Schrader, andj. Wienands. 2009. Recruitment of the cytoplasmic adap- 
tor Grb2 to surface IgG and IgE provides antigen receptor-intrinsic 
costimulation to class-switched B cells. Nat. Immunol. 10:1018—1025. 
http://dx.doi.org/10.1038/ni.1764 

Ettinger, R., G.P. Sims, A.M. Fairhurst, R. Robbins, Y.S. da Silva, R. 
Spolski, W.J. Leonard, andP.E. Lipsky. 2005. IL-21 induces differentia- 
tion of human naive and memory B cells into antibody-secreting plasma 
cells. J. Immunol. 175:7867-7879. 

Geha, R.S., H.H. Jabara, and S.R. Brodeur. 2003. The regulation of im- 
munoglobulin E class-switch recombination. Nat. Rev. Immunol. 3:721— 
732. http://dx.doi.org/10.1038/nrill81 

Good, K.L., and S.G. Tangye. 2007. Decreased expression of Kruppel-like 
factors in memory B cells induces the rapid response typical of secondary 
antibody responses. Proc. Natl. Acad. Sci. USA. 104:13420-13425. 
http://dx.doi.org/10.1073/pnas.0703872104 

Good, K.L., V.L. Bryant, and S.G. Tangye. 2006. Kinetics of human B cell 
behavior and amplification of proliferative responses following stimula- 
tion with IL-21. J. Immunol. 177:5236-5247. 

Good, K.L., D.T. Avery, and S.G. Tangye. 2009. Resting human mem- 
ory B cells are intrinsically programmed for enhanced survival and re- 
sponsiveness to diverse stimuli compared to naive B cells. J. Immunol. 
182:890-901. 

Goodnow, C.C., C.G. Vinuesa, K.L. Randall, F. Mackay, and R. Brink. 

2010. Control systems and decision making for antibody production. 

Nat Immunol. 11:681-688. http://dx.doi.org/10.1038/ni.1900 
Griffin, D.O., N.E. Holodick, and T.L. Rothstem. 2011. Human Bl cells 

in umbilical cord and adult peripheral blood express the novel pheno- 

type CD20+ CD27+ CD43+ CD70-.J. Exp. Med. 208:67-80. http:// 

dx.doi.org/10.1084/jem.20101499 
Hirata, O., S. Okada, M. Tsumura, R. Kagawa, M. Miki, H. Kawaguchi, 

K. Nakamura, S. Boisson-Dupuis, J.L. Casanova, Y. Takihara, and M. 

Kobayashi. 2013. Heterozygosity for the Y701C STAT1 mutation 

in a multiplex kindred with multifocal osteomyelitis. Haematologica. 

98:1641-1649. http://dx.doi.org/10.3324/haematol.2013.083741 
Hodgkin, P.D., J.H. Lee, and A.B. Lyons. 1996. B cell differentiation and 

isotype switching is related to division cycle number. J. Exp. Med. 

184:277-281. http://dx.doi.org/10.1084/jem.184-l.277 
Holland, S.M., F.R. DeLeo, H.Z. Elloumi, A.P. Hsu, G. Uzel, N. Brodsky, 

A.F. Freeman, A. DemidowichJ. Davis, M.L. Turner, et al. 2007. STAT3 

mutations in the hyper-IgE syndrome. N. Engl. J. Med. 357:1608—1619. 

http://dx.doi.org/10.1056/NEJMoa073687 
Horikawa, K., S.W. Martin, S.L. Pogue, K. Silver, K. Peng, K. Takatsu, and 

C. C. Goodnow. 2007. Enhancement and suppression of signaling by 
the conserved tail of IgG memory-type B cell antigen receptors. J. Exp. 
Med. 204:759-769. http://dx.doi.org/10.1084/jem.20061923 

Ives, M.L., C.S. Ma, U. Palendira, A. Chan, J. Bustamante, S. Boisson- 
Dupuis, P.D. Arkwright, D. Engelhard, D. Averbuch, K. Magdorf, et al. 
2013. Signal transducer and activator of transcription 3 (STAT3) muta- 
tions underlying autosomal dominant hyper-IgE syndrome impair human 
CD8(+) T-cell memory formation and function. J. Allergy Clin. Immunol. 
132:400-411: e9. http://dx.doi.org/10.1016/jjaci.2013.05.029 

Jabara, H.H., D.R. McDonald, E. Janssen, M.J. Massaad, N. Ramesh, A. 
Borzutzky, I. Rauter, H. Benson, L. Schneider, S. Baxi, et al. 2012. 
DOCKS functions as an adaptor that links TLR-MyD88 signaling to 
B cell activation. Nat. Immunol. 13:612-620. http://dx.doi.org/10.1038/ 
ni.2305 

Kotlarz, D., R. Beier, D. Murugan, J. Diestelhorst, O. Jensen, K. Boztug, 

D. Pfeifer, H. Kreipe, E.D. Pfister, U. Baumann, et al. 2012. Loss 
of interleukin-10 signaling and infantile inflammatory bowel disease: 
implications for diagnosis and therapy. Gastroenterology. 143:347—355. 
http://dx.doi.org/10.1053/j-gastro.2012.04.045 

Kodarz,D.,N.Zi^tara,G.Uzel,T.Weidemann,C.J.Braun,J.Diestelhorst,P.M. 
Krawitz, P.N. Robinson, J. Hecht,J. Puchalka, et al. 2013. Loss-of-func- 
tion mutations in the IL-21 receptor gene cause a primary immunodeficiency 



2752 



Differential function of STAT3 in human B cells | Deenick et al. 



Article 



syndrome. J. Exp. Med. 210:433-443. http://dx.doi.org/10.1084/jem 
.20111229 

Leung, D.Y., D.M. Ambrosino, R.D. Arbeit, J.L. Newton, and R.S. 
Geha. 1988. Impaired antibody responses in the hyp erimmu no globu- 
lin E syndrome. J. Allergy Clin. Immunol. 81:1082—1087. http://dx.doi 
.org/10.1016/0091-6749(88)90873-l 

Litinskiy, M.B., B. Nardelli, D.M. Hilbert, B. He, A. Schaffer, P. Casali, 
and A. Cerutti. 2002. DCs induce CD40-independent immunoglobulin 
class switching through BLyS and APRIL. Nat. Immunol. 3:822-829. 
http://dx.doi.org/10.1038/ni829 

Liu, Y.J., C. Barthelemy, O. de Bouteiller, C. Arpin, I. Durand, and J. 
Banchereau. 1995. Memory B cells from human tonsils colonize mucosal 
epithelium and directly present antigen to T cells by rapid up-regulation 
ofB7-landB7-2.L/;mwttiry.2:239-248.http://dx.doi.org/10.1016/1074- 
7613(95)90048-9 

Ma, C.S., N.J. Hare, K.E. Nichols, L. Dupre, G. Andolfi, M.G. Roncarolo, S. 
Adelstein, PD Hodgkin, and S.G. Tangye. 2005. Impaired humoral im- 
munity in X-linked lymph oproliferative disease is associated with defec- 
tive IL-10 production by CD4+ T cells. J Clin. Invest. 1 15:1049-1059. 

Ma, C.S., S. Pittaluga, D.T. Avery, NJ. Hare, I. Marie, A.D. Klion, K.E. 
Nichols, and S.G. Tangye. 2006. Selective generation of functional so- 
matically mutated IgM+CD27+, but not Ig isotype-switched, memory 
B cells in X-linked lymphoproliferative disease. J. Clin. Invest. 116:322— 
333. http://dx.doi.org/10.1172/JCI25720 

Ma, C.S., G.Y. Chew, N. Simpson, A. Priyadarshi, M. Wong, B. Grimbacher, 
D.A. Fulcher, S.G. Tangye, and M.C. Cook. 2008. Deficiency of Thl7 
cells in hyper IgE syndrome due to mutations in STAT3.J. Exp. Med. 
205:1551-1557. http://dx.doi.org/10.1084/jem.20080218 

Ma, C.S., D.T. Avery, A. Chan, M. Batten, J. Bustamante, S. Boisson- 
Dupuis, P.D. Arkwright, A.Y. Kreins, D. Averbuch, D. Engelhard, 
et al. 2012. Functional STAT3 deficiency compromises the generation 
of human T follicular helper cells. Blood. 119:3997-4008. http://dx.doi 
.org/ 10. 1 1 82/blood-201 1-1 1-392985 

Macallan, D.C., D.L. Wallace, Y. Zhang, H. Ghattas, B. Asquith, C. de Lara, 
A. Worth, G. Panayiotakopoulos, G.E. Griffin, D.F. Tough, and 
P.C. Beverley. 2005. B-cell kinetics in humans: rapid turnover of pe- 
ripheral blood memory cells. Blood. 105:3633—3640. http://dx.doi 
.org/10.1182/blood-2004-09-3740 

Martin, S.W., and C.C. Goodnow. 2002. Burst-enhancing role of the IgG 
membrane tail as a molecular determinant of memory. Nat. Immunol. 
3:182-188. http://dx.doi.org/10.1038/ni752 

Mazerolles, F., C. Picard, S. Kracker, A. Fischer, and A. Durandy. 2013. 
Blood CD4+CD45RO+CXCR5 + T cells are decreased but partially 
functional in signal transducer and activator of transcription 3 defi- 
ciency. J. Allergy Clin. Immunol. 131:1146—1156: el— e5. http://dx.doi 
.org/10.1016/j.jaci.2012.12.1519 

Minegishi,Y, M. Saito, S.Tsuchiya, I.Tsuge, H.Takada,T. Hara, N. Kawamura, 
T. Ariga, S. Pasic, O. Stojkovic, et al. 2007. Dominant-negative mutations 
in the DNA-binding domain of STAT3 cause hyper-IgE syndrome. 
Nature. 448:1058-1062. http://dx.doi.org/10.1038/nature06096 

Nilsson, A., A. de Milito, E Mowafi, G. Wmberg, O. Bjork, E.Z.Wolpert, and E 
Chiodi. 2005. Expression of CD27-CD70 on early B cell progenitors in the 
bone marrow: implication for diagnosis and therapy of childhood ALL. Exp. 
Hematol. 33:1500-1507. http://dx.doi.Org/10.1016/j.exphem.2005.10.005 

Notarangelo, L.D., G. Lanzi, S. Peron, and A. Durandy. 2006. Defects 
of class-switch recombination. J. Allergy Clin. Immunol. 117:855—864. 
http://dx.doi.org/10.1016/jjaci.2006.01.043 



Nutt, S.L., N. Taubenheim, J. Hasbold, L.M. Corcoran, and P.D. Hodgkin. 

2011. The genetic network controlling plasma cell differentiation. Semin. 
Immunol. 23:341-349. http://dx.doi.Org/10.1016/j.smim.2011.08.010 

Pene, J., J.F. Gauchat, S. Lecart, E. Drouet, P. Guglielmi, V. Boulay, A. 

Delwail, D. Foster, J.C. Lecron, and H. Yssel. 2004. Cutting edge: 

IL-21 is a switch factor for the production of IgGl and IgG3 by human 

B cells. J. Immunol. 172:5154-5157. 
Poudrier, J., and T. Owens. 1994. Co-stimulation by anti-immunoglobulin 

is required for B cell activation by CD40Llow T cells. Eur. J. Immunol. 

24:2993-2999. http://dx.doi.org/10.1002/eji.1830241211 
Rajewsky, K. 1996. Clonal selection and learning in the antibody system. 

Nature. 381:751-758. http://dx.doi.org/10.1038/381751a0 
Recher, M., L.J. Berglund, D.T. Avery, M.J. Cowan, A.R. Gennery, 

J. Smart, J. Peake, M. Wong, S.Y. Pai, S. Baxi, et al. 2011. IL-21 is 

the primary common y chain-binding cytokine required for human 

B-cell differentiation in vivo. Blood. 118:6824-6835. http://dx.doi 

.org/10.1182/blood-201 1-06-362533 
Sampaio, E.P., H.I. Bax, A. P. Hsu, E. Kristosturyan, J. Pechacek, P. 

Chandrasekaran, M.L. Paulson, D.L. Dias, C. Spalding, G. Uzel, et al. 

2012. A novel STAT1 mutation associated with disseminated mycobac- 
terial disease. J. Clin. Immunol. 32:681-689. http://dx.doi.org/10.1007/ 
S10875-012-9659-2 

Sheerin, K.A., and R.H. Buckley. 1991. Antibody responses to protein, 
polysaccharide, and phi X174 antigens in the hyperimmunoglobu- 
linemia E (hyper-IgE) syndrome. J. Allergy Clin. Immunol. 87:803—811. 
http://dx.doi.org/10.1016/0091-6749(91)90126-9 

Tangye, S.G. 2011. Staying alive: regulation of plasma cell survival. Trends 
Immunol. 32:595-602. http://dx.doi.Org/10.1016/j.it.2011.09.001 

Tangye, S.G., and D.M. Tarlinton. 2009. Memory B cells: effectors of long- 
lived immune responses. Eur. J. Immunol. 39:2065—2075. http://dx.doi 
.org/10.1002/eji.200939531 

Tangye, S.G., Y.J. Liu, G. Aversa, J.H. Phillips, and J.E. de Vries. 1998. 
Identification of functional human splenic memory B cells by expres- 
sion of CD148 and CD27. J. Exp. Med. 188:1691-1703. http://dx.doi 
.org/10.1084/jem.l88.9.1691 

Tangye, S.G., D.T. Avery, E.K. Deenick, and P.D. Hodgkin. 2003a. 
Intrinsic differences in the proliferation of naive and memory human 
B cells as a mechanism for enhanced secondary immune responses. J. 
Immunol. 170:686-694. 

Tangye, S.G., D.T. Avery, and P.D. Hodgkin. 2003b. A division-linked 
mechanism for the rapid generation of Ig-secreting cells from human 
memory B cells. J. Immunol. 170:261—269. 

Tangye, S.G., E.K. Deenick, U. Palendira, and C.S. Ma. 2012. T cell- 
B cell interactions in primary immunodeficiencies. Ann. N. Y. Acad. Sci. 
1250:1-13. http://dx.doi.Org/10.llll/j.1749-6632.2011.06361.x 

Warnatz, K., L. Bossaller, U. Salzer, A. Skrabl-Baumgartner, W. Schwinger, 
M. van der Burg, J.J. van Dongen, M. Orlowska-Volk, R. Knoth, A. 
Durandy, et al. 2006. Human ICOS deficiency abrogates the germinal 
center reaction and provides a monogenic model for common variable 
immunodeficiency. Blood. 107:3045-3052. http://dx.doi.org/10.1182/ 
blood-2005-07-2955 

Yefenof, E., V.M. Sanders, J.W. Uhr, and E.S. Vitetta. 1986. In vitro ac- 
tivation of murine antigen-specific memory B cells by a T-dependent 
antigen. J. Immunol. 137:85—90. 

Zeng, R., R. Spolski, E. Casas, W. Zhu, D.E. Levy, and W.J. Leonard. 
2007. The molecular basis of IL-21 -mediated proliferation. Blood. 
109:4135-4142. http://dx.doi.org/10.1182/blood-2006-10-054973 



JEM Vol. 210, No. 12 



2753 



